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ABSTRACT 

The experimental investigation of an aspirated fan stage 
designed to achieve a pressure ratio of 3.4:1 at 1500 feet/sec is 
presented in this paper. The low-energy viscous flow is aspirated 
from diffusion-limiting locations on the blades and flowpath 
surfaces of the stage, enabling a very high pressure ratio to 
be achieved in a single stage. The fan stage performance was 
mapped at various operating speeds from choke to stall in a 
compressor facility at fully simulated engine conditions. The 
experimentally determined stage performance, in terms of pres- 
sure ratio and corresponding inlet mass flow rate, was found to 
be in good agreement with the 3D viscous computational predic- 
tion, and in turn close to the design intent. Stage pressure ratios 
exceeding 3 : 1 were achieved at design speed, with an aspiration 
flow fraction of 3.5% of the stage inlet mass flow. The experi- 
mental performance of the stage at various operating conditions, 
including detailed flowfield measurements, are presented and 
discussed in the context of the computational analyses. The 
sensitivity of the stage performance and operability to reduced 
aspiration flow rates at design and off-design conditions are also 
discussed. 

INTRODUCTION 

The work reported here constitutes one element of a pro- 
gram being conducted by the MIT Gas Turbine Laboratory and 
its collaborators to develop and validate the technology for 
design of axial compressors that incorporate control of flow 
separation by aspiration (or suction) of the viscous flows at dif- 
fusion-limiting locations. These include points of impingement 
of passage shocks, just ahead of diffusion due to flow turning on 
the blade suction surface, and in comers of the flow path. 

The intent of this particular element of the aspirated com- 
pressor program was to assess the limit of pressure ratio attain- 
able with aspiration in a single stage, within conventional tip 


speed limits as set by structural considerations. Preliminary cal- 
culations indicated that aspiration should enable an approximate 
doubling of the work of a stage, while maintaining attached flow 
[1], Prior to the work reported here, a moderately aggressive 
aspirated transonic fan stage, with a pressure ratio of 1.6 and 
tip speed of 750 feet/sec, was designed and tested at MIT as a 
first step in demonstrating the utility of aspiration [2]. Consis- 
tent with the more aggressive design space of supersonic high 
through-flow fans, the design objective for the present stage was 
set as a pressure ratio of approximately 3.4 at a tip speed of 1,500 
ft/sec. A rotor-tip shroud was included in the design to ensure 
that tip-clearance effects did not limit the stage pressure ratio. 
Detailed design calculations using a MISES-based approach 
developed at MIT, followed by 3D viscous analyses earned out 
at NASA Glenn Research Center, confirmed the viability of the 
initial choice of pressure ratio [3], 

While the principal emphasis of this work was on attain- 
ing high work per stage, careful attention was also paid to 
minimizing the aspiration requirement and achieving accept- 
able through-flow efficiency, which is the adiabatic efficiency 
of the compressor based on the stator (or rotor) outflow. This 
through-flow efficiency includes the effects of shock losses in 
the core flow and viscous losses that influence the entropy of 
the outflow of the compressor. It does not embrace the effects of 
losses that raise the entropy of the aspirated flow, or the pumping 
work associated with it. The overall impact of these (second- 
ary) effects of aspiration can be properly quantified only in the 
context of a complete engine design, in which the handling of 
the aspirated flows is explicated. Such an overall evaluation of 
the effect of aspiration on engine efficiency is outside the scope 
of this paper. 

The structure of this paper is as follows. The aerodynamic 
design is summarized first, followed by a description of the 
mechanical design of the stage. The experiment test pack- 
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Table 1: Aerodynamic Design Summary 


Tip Speed 

1500 ft/s (457 m/s) 

Pressure Ratio 

3.4 

Mass Flow / Area 

42.5 lbm/s-ft 2 

Rotor Face Axial Mach No. 

0.65 

Stage Exit Mach No. 

0.5 

Rotor Peak Mach No. (rel.) 

1.5 

Stator Peak Mach No. (abs.) 

1.5 

Peak Diffusion Factor (rot./sta.) 

0.76/0.68 

Rotor Work Coefficient (AH/U 2 ) 

0.7 


Circumferential Spanwise primary 
shock control bleed slots 



Table 2: Stage Geometry Characteristics 


Rotor Inlet (r hub /r tip ) 

0.40 

Stator Exit (r hub /r tip ) 

0.81 

Blade Count (rot/stat) 

26/31 

Average Solidity (rot/sta) 

2.512.5 

Aspect Ratio (rot/sta) 

1.2/0. 8 


age, instrumentation, and data reduction procedure are briefly 
described. The experimental results are discussed next and com- 
pared with the multi-stage CFD analyses. Lastly, the important 
conclusions and implications of the results of the test program 
are enumerated. 

AERODYNAMIC DESIGN 

The computational system assembled to design the aspirated 
fan stage consists of the quasi-3D MISES integral boundary 
layer solver [4] coupled with an axisymmetric solver described 
by Merchant [5]. The blade shapes incorporate several unique 
design features, which enable the high loading. The details of 
the aerodynamic design and design procedure can be found in 
Merchant [5]. 

Three-dimensional viscous analysis of the stage, using 
the multi-stage average passage APNASA code developed by 
Adamczyk [6], was a critical component in the design process. 
The high supersonic Mach numbers in the blade rows, close 
blade row spacing, coupled with the very high blade loading 
demanded more accurate blade row matching than is possible 
with mixing-plane approaches. While the blade design was 
carried out using the quasi-3D design system, modifications to 
blade geometry, primarily incidence changes, were made using 
information extracted from the 3D APNASA solution. 

In addition to the design point analysis, an off-design study 
along the operating lines was also performed using APNASA in 
order to assess the performance of the stage at lower tip speeds, 
and to develop a test plan for the experiment. Two such operating 
lines were calculated, one close to stall (high op line) and one 
sufficiently away from stall (low op line). The computational 
mesh used for all the analyses consists of 389 axial points from 


Figure 1 : Stage aspiration scheme. 

rotor inlet to stator exit, 5 1 circumferential, and 5 1 spanwise grid 
points. The APNASA code was modified with a transpiration 
boundary condition on the blade and flowpath surfaces to model 
the effect of aspiration. 

The aerodynamic design characteristics of the stage are 
summarized in Table 1, and the geometric characteristics are 
summarized in Table 2. The diffusion factors were calculated 
using the definition of Lieblein et al. [7]. The choice of tip 
speed, specific flow, and inlet/exit Mach numbers are consistent 
with modern supersonic high throughflow fans [8, 9]. The aspect 
ratio and average solidities of the stage are also similar to such 
modem fans. The peak Mach numbers, noted in Table 1, occur 
at the rotor tip and the stator hub. The rotor was designed to 
achieve a free vortex work profile, and the stator was designed to 
turn the flow to axial conditions at the stage exit. 

The aspiration scheme is illustrated in Figure 1, and the 
design aspiration fractions are given in Table 3. The designations 
refer to the experiment setup and will be discussed in the section 
describing the test package. The aspiration scheme consists of 
primary aspiration slots on the rotor and stator suction surfaces, 
and secondary aspiration on the hub and shroud surfaces. The 
location and flow fraction of the primary aspiration was opti- 
mized in the quasi-3D design process. The secondary aspiration 


Table 3: Design Aspiration Requirement 


Aspiration 

Location 

Designation 

Aspiration 
Fraction, % 

Rotor Shroud 


B2 

1.0 

Rotor Spanwise 


B3 

1.5 

Stator Spanwise 


B5 

2.0 

Stator Hub (circumferential) 

B7 

1.0 

Stator Hub (chordwise) 


B7 

1.0 
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consists of slots on the rotor shroud and stator hub surfaces to 
prevent shock-induced separation and growth of secondary flow. 
The location and flow fractions were determined by examining 
the 3D solution, but no attempt was made to optimize their loca- 
tion and flow fractions. Bleeds Bl, B4, and B6 were present 
only in the experiment, and were not included in the CFD analy- 
sis. Note that the stator hub circumferential and chordwise bleed 
have the same designation (B7) since they are discharged into 
the same cavity in the experiment. 

MECHANICAL DESIGN 

As the main purpose of the experiment was to assess the 
viability of aspiration from the aerodynamic standpoint, the 
mechanical design became a matter of devising a configuration 
that would meet the mechanical requirements, while providing 
the shape and tip speed capability dictated by the aerodynamic 
design. This is a different logical structure than is usual for com- 
pressor stages, where the structural considerations generally play 
a larger role in the overall design optimization. The desire for as 
clean an aerodynamic design as possible led to the use of a tip 
shroud in order to eliminate the tip clearance flow. In addition, 
the tip shroud was attractive as a means for transporting the aspi- 
rated flow from the blades to the rotor housing. 

The features dictated by the aerodynamic design posed 
an unusual set of constraints for the mechanical design of the 
rotor in particular. Finite element calculations showed that the 
blade stresses due to the high tip speed and large camber and 
twist of the blades were so high as to be unacceptable, except 
for the highest strength-to-weight ratio titanium alloys such as 
Ti-6246, which was selected for the rotor. Welding was ruled out 
by the choice of this alloy. Stress calculations also indicated that 
the shroud, at the design tip speed of 1,500 ft/sec, was beyond 
its self-supporting limit, and given the already high stresses in 
the blades, it was not feasible to carry much of the centrifugal 
load of the shroud on the blades. This led to the decision to use 
a graphite-polymer composite winding on the shroud to make 
it essentially self-supporting. The amount of composite was 
chosen so that the average radial growth of the shroud would 
match that of the blade tips (without the shroud). This would 
result in only local radial load transfer from the blades to the 
shroud. The shroud does however greatly increase the torsional 
stiffness of the blades in the tip region, essentially eliminating 
flutter issues, and potential structural problems due to the bleed 
passages in the blades. 

Machining the high solidity rotor and stator blades, bleed 
passages, and bleed slots as bladed disks posed another set of 
challenges. These were met by dividing the blade rows into 
forward and aft disks on a plane perpendicular to the axis of 
rotation. Flalving the blade chord enabled machining of the high 
solidity blades from single disks, and the suction passages were 
then machined into the two halves from the separation plane. 
The assembly of the blade rows involved bolting the forward 
and aft disks together at the shroud and at the hub. This concept 
is illustrated for the rotor in Figure 2. 


Carbon/epoxy 
IN71 8 shroud bolts composite rings 



Figure 2: Rotor structural concept. 


The composite winding of the shroud was implemented as 
three separate rings in channels in the titanium shroud as shown 
in Figure 2. The front disk carried two rings separated by a 
land for the rotor shroud bleed, and the aft disk carried a single 
composite ring. The primary aspirated flow was taken from the 
suction surface of the blade through slots into the radial passages 
and discharged from the tip at an angle of 45 degrees, against the 
direction of rotation. This was done to minimize the pumping 
work for the bleed flow, and consequently the temperature of the 
aspirated flow circulating in the rotor casing. 

The stator suction surface aspirated flow was carried through 
the radial passage into the casing manifold shown in Figure 3. 

TEST PACKAGE 

The aspirated compressor test package consisted of the 
rotor, stator, and a specially designed casing. The casing sealed 
the rotor bleed flows from the core flow and collected the high 
swirl flow from the rotor shroud. The test package installed in 
the rig is shown in Figure 3. Seven independently controlled, 
and metered, boundary layer bleed lines were also key elements 
of the system. These include, in addition to the 5 design bleeds 
shown in Figure 1, an inlet boundary layer bleed slot approxi- 
mately 1 chord upstream of the rotor (Bl), an inter-blade casing 
bleed slot (B4), and an inter-blade hub bleed slot (B6). The 
stator hub pitchwise and chordwise bleeds were combined into a 
common bleed line (B7). Bleeds Bl, B4 and B6 were not mod- 
eled in the aerodynamic analysis or design of the stage. Bleeds 
B4 and B6 were added to ensure that the stage could be started 
at part speeds. The bleed exhaust system was designed to keep 
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Figure 3: Test package installed in the compressor rig. 


the rotor and stator bleed slots operating in a choked condition. 
A vacuum source was used for all the bleed lines to achieve this 
condition. Figure 4 shows a close-up view of the rotor, where 
the spanwise aspiration slot (B3), circumferential shock control 
bleed (B2), and shroud surface are shown. The NASA Glenn 
Research Center Multistage Compressor Test Facility, which 
includes a 1 5,000 hp drive motor and a 5.2 1 : 1 gearbox, was used 
for this experiment. 

INSTRUMENTATION 

The performance of the stage was measured by an array 
of total pressure and total temperature rakes located 4 inches 
downstream of the stator trailing edge. Rake designs with a wide 
acceptance flow angle were chosen to give accurate measure- 
ments at a fixed orientation. The temperature rakes were cali- 
brated for temperature recovery versus Mach number. The rakes 
provided seven spanwise measurements at six equally spaced 
pitchwise locations covering one blade pitch, resulting in a total 
of 42 measurements at the stage exit. Wall static taps were the 
only instrumentation located between the rotor exit and stator 
inlet. There were 10 pitchwise static taps, on the hub and casing 
surfaces, covering 1.5 blade pitches, and located 0.125 inches 
upstream from the stator leading edge. Stator leading edge instru- 
mentation was not implemented in this experiment, so the rotor 
spanwise performance could not be measured. Bleed flow rates 
(B1-B7) were measured using an independently metered and 
controlled bleed system. Dynamic pressure measurements were 
obtained from the flow path casing about one chord upstream of 
the rotor and were used to detect stall. Pressure and temperature 
near the rotor shroud labyrinth teeth rub areas were measured 
to monitor the shroud condition, and an infrared thermocouple 
was installed to directly monitor the temperature of the shroud 
composite material. Rotor shroud radial growth and axial posi- 



Figure 4: Rotor aspiration scheme. 


tions were closely measured. Inlet airflow was determined from 
an upstream ASME orifice. The health of the facility during the 
test was constantly monitored via the measured pressures, tem- 
peratures, flow rate, and vibration levels. 

DATA REDUCTION PROCEDURE 

Orifice weight flow, total pressures, rotor RPM, and tem- 
perature were all corrected to standard day conditions based on 
inlet plenum conditions. The Mach number at each rake port 
was determined by a linear interpolation of the inner and outer 
flowpath walls static pressures and the total pressure obtained 
from that rake port. The pressures and temperatures were area 
averaged to obtain the overall performance and throughflow 
efficiency. At the higher operating speeds from 90% to 100%, 
total temperature rakes elements were damaged during the 
experiment and were not replaceable. Measurements from sister 
rake elements located at the same radial position one pitch apart 
were substituted in place of the lost measurements and used in 
the area averaging procedure. In some cases, where these redun- 
dant measurements were also not available, the total temperature 
was substituted by judiciously interpolating between measured 
data points. The overall area-averaged total temperature and effi- 
ciency were calculated with and without this substitution, and 
the effect on the overall result was found to be negligible. 

RESULTS AND DISCUSSION 

The aspirated fan stage was tested from 50% to 100% design 
speed. Speedlines from choke to stall were obtained at 50% to 
85% speed, and from choke only to the predicted low op line at 
90%, 95%, and 100% speed due to concerns about the structural 
integrity of the rotor. The experimental results presented and dis- 
cussed in this section include: 1) the overall stage performance, 
2) sensitivity of the stage performance to design aspiration flows, 
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Inlet Corrected Mass Flow (Ibm/sec) 


Figure 5: Compressor pressure ratio performance map. 


stage upstream bleeds, and starting bleeds, and 3) measurements 
at the stage exit and between the rotor and stator. The experimen- 
tal results are compared to CFD calculations carried out using 
APNASA on the two operating lines, which represent fixed exit 
corrected mass flow boundary conditions in the code. The bleed 
flows are presented as fractions of the inlet corrected flow. 

1) Overall Stage Performance 

The measured pressure ratio and efficiency of the stage are 
shown in Figures 5 and 6. The overall measured pressure ratios 
and mass flows are seen to be in good agreement to the predicted 
performance of the stage. 

On the 50%, 60%, and 70% speedlines, the inlet boundary 
layer bleed B1 was set to 1% of stage core flow at that speed, no 
interstage bleed was used, and all other bleeds were flowing at 
their individual maximum capacities (wide open). The stalling 
flow rate was difficult to determine on 50% and 60% speedlines 
as indicated by the measurements. At 70% speed, the stage 
exhibited a well-defined and repeatable stall point, and the total 
mass flow range for this speed was 1 lbm/sec. A peak pressure 
ratio of 1.93, at a corrected mass flow of 54.2 lbm/sec, and adia- 
batic efficiency of 89%, were recorded. 

At 75% speed, the stage could not be operated without the 
casing starting bleed B4, and stalled when the bleed was closed. 
Bleed B4 was therefore set to 1% of the stage inlet flow, and 
hub starting bleed B6 was turned off, to obtain the speedline 
data. The measured pressure ratio closely matches the APNASA 
calculation, but the measured mass flow rate is 0.8% higher than 
the calculated value. This can be attributed to the effect of bleeds 
B 1 and B4 that were not included in the APNASA calculation. A 
peak pressure ratio of 2.12, at 59.4 lbm/sec, and an adiabatic effi- 
ciency of 88.6% were recorded. The stage behaved similarly at 
80% speed, and speedlines were measured with the inlet bound- 
ary bleed B1 set to 1%. A peak pressure ratio of 2.32 at 63.7 
lbm/sec, and an adiabatic efficiency of 88.5% were recorded. 



Figure 6: Measured and calculated efficiences on the low 
and high op lines. 


The measured pressure ratios closely match the calculated 
low and high op line points; however, the measured mass flow 
rate is 1.2% higher than the calculation due to the presence of 
additional bleeds B1 and B4. At 85% speed, the starting bleeds 
B4 and B6 were required initially to achieve stable operation 
and were subsequently turned off. The inlet bleed B1 was set 
at 1% to obtain the speedline. Once again the speedline closely 
matches the CFD prediction. The stalling pressure ratio is 1% 
higher than the predicted point on the high op line. The differ- 
ence between the measured and predicted mass flow is negligible 
despite the presence of 1% bleed B1 in the test. Apeak pressure 
ratio of 2.55 at 69 lbm/sec, and an adiabatic efficiency of 87.6%, 
were recorded at this speed. 

At 90%, 95% and 100% speed, starting bleeds were not 
required to maintain steady-state operation of the stage, and the 
upstream bleed was also not used at these speeds. At 90% speed 
excellent agreement is seen between the measured pressure ratio 
and mass flow and the CFD calculation at the low op line point. 
A pressure ratio of 2.76, at 75.2 lbm/sec, and an adiabatic effi- 
ciency of 84.7% were recorded. At 95% and 100% speed, the 
pressure ratios lie on the predicted low op line, but the measured 
mass flows are 0.91 lbm/sec (1.1%) and 1.2 lbm/sec (1.5%) 
lower than the predicted mass flow rates, respectively. At 95% 
speed, a pressure ratio of 2.99 at 79.3 lbm/sec, and an adiabatic 
efficiency of 82.8% were recorded. At 100% speed, a pressure 
ratio of 3.17 at 82.1 lbm/sec, and an adiabatic efficiency of 
78.7% were recorded. The lower than predicted mass flows and 
pressure ratios at these speeds can be attributed primarily to the 
lower measured aspiration flow fractions than the design intent. 

The measured efficiencies, shown in Figure 6, are at least 
2 points higher than the predicted efficiencies along the high op 
line. Similarly, higher efficiencies were also measured along the 
low op line up to 90% speed. The higher measured efficiencies 
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may be attributed in part to the presence of the upstream bleed 
B1 and starting bleeds B4 and B6 at the lower operating 
speeds. However at 90% speed, even without these additional 
bleeds, the measured efficiency is 0.5% higher than the 
predicted value. 

A gradual decrease is observed in the measured stage 
efficiency with increasing operating speed. At 95% and 100% 
speed a rapid decrease in efficiency occurs in the measured 
and predicted efficiencies. The larger drop in the measured 
efficiency compared to the CFD predictions can be attributed 
to the significantly lower measured aspiration flow fractions 
(see Figure 8) than the design intent. This rapid decrease in the 
efficiency at 95% and 100% speed can be related to the 
significant changes in the flow behavior seen in the CFD 
calculation performed with design intent aspiration flow 
rates (Figure 7). At 100% speed the rotor tip flow shows a 
large region of low momentum fluid, and a similar region of 
low momentum flow is also present in the stator hub 



Figure 7: Rotor tip flow field (relative Mach number). 



Figure 8: Measured and calculated aspirated flow. 


region. Unstarting of the shock system in the presence of this 
low momentum flow is prevented solely due to the presence of 
aspiration downstream of the shock. At 95% speed, a significant 
reduction of this low momentum flow region and increase in 
diffusion in the rotor passage is seen, and there is also a 
reduction in the inlet relative Mach number. The aspiration is 
clearly seen to control the flow separation downstream of the 
shock. A similar improvement in the flowfield also occurs in the 
stator hub region. The result is an overall improvement in stage 
performance observed between 100%, 95%, and 90% of the 
design speed. 

Figure 6 also shows the calculated rotor efficiency along 
the low op line. The rotor efficiency is seen to be above 92% 
along the entire low op line decreasing to 90% at design speed 
(100%). This can be attributed primarily to the changes in the 
flow behavior seen in Figure 7. 

2) Bleed Sensitivity 

The sensitivity of the stage performance to bleed flow rates 
is discussed first in the context of the design aspiration require- 
ment given in Table 3 followed by the effect of the additional 
starting and upstream bleeds. Figure 8 shows the measured and 
calculated aspiration flow rates, as fractions of the stage inlet 
corrected flow, along the low and high op lines. The variation 
in aspiration flow along a speedline at a fixed operating speed 
was found to be negligible. The rotor aspiration includes bleeds 
B2 and B3, and the stage aspiration includes, in addition to the 
rotor, bleeds B5 and B7 consistent with the CFD calculation. 
The upstream and starting bleed flow fractions are not included. 
The measured aspirated flow fraction is almost 30% lower than 
the flow fraction imposed in the CFD calculation. The dashed 
line indicates the design intent aspiration fractions of 2.5% for the 
rotor and 6.5% for the stage. At 100% speed, the measured rotor 
aspiration was 1.6% and total stage aspiration was only 3.5%, 
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which is at almost half the design aspiration requirement. The 
sensitivity of the stage performance to aspiration was studied at 
90% speed using CFD, where the rotor aspiration was decreased 
to 1.1% and the stage aspiration to 3%. This resulted in a 2 % 
decrease in the rotor and stage pressure ratios, a 6% decrease in 
the stage mass flow, and a 1 point decrease in stage efficiency. 
The measured perfonnance, in comparison, at 90% speed is 
almost identical to the CFD prediction at an aspiration fraction 
30% below the design intent. At 95% speed, the measured effi- 
ciency is 1 point lower, and mass flow 1.1% lower, than the CFD 
prediction at aspiration fraction 40% below the design intent. 
The experimental data therefore indicates robust performance, 
and a lower sensitivity to decrease in the aspiration flow than 
observed in the CFD study. 

The starting bleeds were required to operate the stage at 
70%, 75%, and 80% speed. At 85% speed the casing bleed B4 
was required to initially stabilize the stage, but was not required 
continuously. At 75%, 80%, and 85% of design speed, both the 
starting bleeds were required in addition to opening the throttle 
valve to recover from stall. The stage, in general, was found to be 
more sensitive to the casing starting bleed B4 at these speeds. 

At 80% speed, several points were also taken with the inlet 
boundary layer bleed turned on. At similar pressure ratios the 
efficiency of the stage with inlet boundary layer bleed on was 
about 1 .2 points higher, and the stage mass flow rate increased 
by 1.3 lbm/sec (2%). At 85% speed, several points were also 
taken with the inlet boundary layer bleed off (B1 = 0). At similar 
pressure ratios, the efficiency of the stage with inlet boundary 
layer bleed off was about 0.6 points lower, and the stage mass 
flow rate was decreased by about 1 lbm/sec (1.4%). 

3) Stage Exit Profiles 

Figure 9 shows the measured and predicted stage exit total 
pressure profiles on the low operating line. The profiles were 



Figure 9: Stage exit measured and calculated total 
pressure profiles on low op line. 



Figure 10: Stage exit measured and calculated total 
temperature profiles on low op line. 


obtained by area averaging the experimental total pressure 
measurements in the pitchwise direction. The experimental 
profiles are seen to be more uniform than the profiles predicted 
by CFD. Good agreement is seen between the measured and 
calculated profiles at 85% and 90% speed. At 95% and 100%, 
while the overall pressure ratio is lower, the spanwise variation 
is in good agreement with the CFD prediction. The experimental 
data shows a consistently lower pressure ratio defect in the hub 
region than the CFD. The CFD captures the decrease in pressure 
ratio at mid-span at all the speeds, but predicts a larger total pres- 
sure defect than the experimental profiles. 

Figure 10 shows the corresponding measured and predicted 
total temperature profiles. The measured and calculated profiles 
are seen to be in good agreement. The CFD calculation captures 
the total temperature increase near the casing, which can be 
attributed to the additional temperature rise due to the rotating 
shroud. At 90% and 100% speed, the measured total tempera- 
ture profile is seen to be lower than the predicted profile below 
midspan. 

4) Stator Static Pressure Measurements 

Figure 11a shows the pitchwise variation of static-to-inlet 
total pressure ratio at the stator leading edge at 85% speed. The 
peak static pressure is about 10% higher in the experiment than 
in the CFD calculation. The minimum pressure on the pressure 
side is well predicted, but the pressure rise at mid-passage, 
due to crossing of the leading edge bow shock, is higher in the 
CFD calculation. The lower mid-passage pressure may indicate 
a higher Mach number and a bow shock that is deeper in the 
blade passage in the experiment compared to the CFD calcula- 
tion. It should be noted that the starting bleed B6 is located 0.4 
inches upstream of the stator leading edge static taps. Although 
this bleed was nominally turned off, interference from the slot 
may be contributing to some of the observed differences. The 
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(a) Stator Hub 


Leading edge 



Pitchwise Position (deg.) 

(b) Stator Casing 

Figure 11 : Pitchwise static pressure variation at the stator 
leading edge (85% speed). 

measured and predicted static pressure variations at the casing at 
85% of the design speed are in excellent agreement (Figure lib). 
The CFD solution shows that the pressure rise from 14 deg. to 12 
deg. on the pressure side is due to crossing of the stator passage 
shock., and the agreement with measured pressure suggests that 
the shock positions are therefore in good agreement. 

Figures 12a and 12b show the pitchwise variation of static- 
to-inlet total pressure ratio at the stator leading edge at 100% 
speed. Similar to 85% speed, the measured overall static pres- 
sure at the hub (Figure 12a) is observed to be higher than the 
CFD prediction. The measured and predicted widths of the pres- 
sure peaks are in good agreement. The observed pressure peak at 




Pitchwise Position (deg.) 
(b) Stator Casing 


Figure 12: Pitchwise static pressure variation at the stator 
leading edge (100% speed). 

mid-pitch in the measured pressure indicates that the bow shock 
may be located further upstream of the stator leading edge in 
the experiment. As noted above the starting bleed B6 may be 
contributing to some of the observed differences. The pitchwise 
static pressure variation at the casing is seen to be in good agree- 
ment with CFD, and the minimum pressure and overall variation 
are well predicted by the CFD calculation. The pressure peak is 
not adequately captured since none of the static taps are aligned 
with the stator leading at the casing. 

Figures 13a shows the mid-pitch static pressure rise along 
the stator hub. The approximate locations of the stator leading 
edge, bleed slot B5, and trailing edge are indicated on the plot. 
Due to the large pressure tap spacing, the experimental profile 
does not resolve the initial pressure rise due to the bow shock 
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Figure 13: Stator mid-pitch static pressure rise. 


seen in the CFD profile, however the measured pressure rise 
from the leading edge to just downstream of the slot is in good 
agreement with CFD. The measured exit pressures at 85% and 
90% speed are also seen to be in excellent agreement with the 
predicted value. At 95% and 100% speed the measured value 
is lower than the CFD and is consistent with the overall 
performance discussed above. 

Figure 13b shows the mid-pitch static pressure rise along 
the stator casing. The measured pressure rise in the leading edge 
region is in good agreement with the CFD prediction. The 
passage shock position and pressure rise are in excellent agree- 
ment at 85% speed. At 90% speed the measured passage shock is 
downstream of the CFD prediction, and moves forward at higher 
speeds. The measured exit pressure rise at 85% and 90% speed 


are in good agreement with CFD, and lower static pressure rise 
is measured at 95% and 100% speeds, consistent with the 
overall reduction in pressure ratio and mass flow of the stage at 
these speeds. At 100% speed, the stator hub and casing mid- 
pitch static pressure rise coefficients are approximately 0.66. 

CONCLUSIONS AND RECOMMENDATIONS 

This program, comprising the design, analysis and test of a 
very high pressure ratio compressor stage enabled by aspiration, 
leads us to the following conclusions and recommendations: 

1. Removal of the low energy flow in the amount of a percent 
of the stage inlet mass flow per bleed location does in fact 
result in an increase in low-loss diffusion, such as to enable 
designs with approximately double the compressor work at 
a given tip speed. 

2. The CFD flowfield shows that aspiration fixes the passage 
shock position, particularly in the tip region. The agreement 
between the measured and predicted performance suggests 
that, along with enhancing the diffusion of the stage, 
aspiration is also effective in controlling the shock position 
and achieving a started shock system at operating speeds 
above 90%, which is necessary for achieving the desired 
inlet mass flow and pressure ratio. 

3. Although the stage design and aspiration were optimized 
for the design point, good performance was obtained at off- 
design conditions. The measured throughflow efficiency of 
the stage was consistently higher than the CFD prediction 
on the low and high operating lines up to 90% of the design 
speed. 

4. The measured stage performance was found to be less 
sensitive to reduction in aspiration flow than predicted by 
the 3D CFD calculation. Performance close to the design 
intent, and in good agreement with the CFD predictions, 
was obtained at aspiration flow rates significantly lower 
than the design intent. 

5. The starting bleeds were required for stable operation only 
from 70% to 85% of the design speed. These were also 
necessary to recover from stall in addition to opening the 
throttle valve (the stage was not operated to stall above 85% 
speed). The rotor exhibited a well-defined entry and 
recovery from stall once the starting bleeds were opened. 

6. The effects of aspiration are quantitatively represented in 
the computational quasi-3D design system in which the 
aspiration is modeled by a prescribed mass flux into the 
wall at the location of a flush slot or hole. The effect of 
aspiration can therefore be integrated into the blade design 
process. 

7. The quasi-3D design system can be used quite effectively to 
design blade shapes at high loading levels (with flow 
conditions extracted from a fully 3D viscous calculation). 
The independent design of the blade shapes and design 
features incorporated in the aspirated stage are an essential 
ingredient in achieving the high loading while maintaining 
good throughflow efficiency and minimizing the aspiration 
requirement. 
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8. The 3D viscous analyses using APNASA yielded 
performance predictions for the compressor stage that were 
very close to the experimentally observed performance. 
This has important implications for design of highly loaded 
stages since an accurate 3D viscous analysis can augment 
the quasi-3D design system by providing critical flow 
information that can be used to refine the design and achieve 
good blade row matching. 

9. The novel mechanical structure devised for the aspirated 
stage, including a rotor split fore and aft into two integrally 
bladed halves, with a graphite-polymer wound tip shroud, 
proved to be mechanically sound and expeditious for the 
purposes of the experiment. 

10. Relaxing the design objectives set forth for this stage, such 
as the pressure ratio, radial work profile, and stator exit 
angle, could result in a stage with higher efficiency, lower 
bleed requirements, a less demanding structure, and lower 
stator Mach number, the last being a major challenge in this 
design. 

11. In the present design, major effort was focused on optimizing 
the blade shapes and minimizing the required blade surface 
aspiration. There are clearly additional opportunities to 
enhance the performance of future designs, particularly 
with respect to managing the endwall flows through three- 
dimensional design features, and developing more effective 
endwall flow control schemes. 
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